Abstract Purpose: Cancer of the ovary confers the worst prognosis among women with gynecologic malignancies, underscoring the need to develop new biomarkers for detection of early disease, particularly those that can be readily monitored in the blood. Experimental Design: We developed an algorithm to identify secreted proteins encoded among f22,500 genes on commercial oligonucleotide arrays and applied it to gene expression profiles of 67 stage I to IV serous papillary carcinomas and 9 crudely enriched normal ovarian tissues, to identify putative diagnostic markers. ELISAs were used to validate increased levels of secreted proteins in patient sera encoded by genes with differentially high expression. Results: We identified 275 genes predicted to encode secreted proteins with increased/ decreased expression in ovarian cancers (<0.5-or >2-fold, P < 0.001). The serum levels of four of these proteins (matrix metalloproteinase-7, osteopontin, secretory leukoprotease inhibitor, and kallikrein 10) were significantly elevated in a series of 67 independent patients with serous ovarian carcinomas compared with 67 healthy controls (P < 0.001, Wilcoxon rank sum test). Optimized support vector machine classifiers with as few as two of these markers (osteopontin or kallikrein 10/matrix metalloproteinase-7) in combination with CA-125 yielded sensitivity and specificity values ranging from 96% to 98.7% and 99.7% to 100%, respectively, with the ability to discern early-stage disease from normal, healthy controls. Conclusions: Our data suggest that this assay combination warrants further investigation as a multi-analyte diagnostic test for serous ovarian adenocarcinoma.
protein levels in patients with cancer compared with healthy controls. Antibodies recognizing several tumor-associated antigens, notably OC-125, which binds the CA-125/MUC-16 protein (3, 4) , have been successfully used to aid in the diagnosis of ovarian cancer, in combination with other noninvasive techniques, such as transabdominal ultrasonography or transvaginal sonography (reviewed in ref. 5) . As cancer of the ovary occurs in f1 of 2,500 postmenopausal women in the United States, screening methodologies must attain at least 75% sensitivity and >99.6% specificity to yield a recommended positive predictive value (PPV) of 10% (where 1 of 10 surgical interventions would lead to the diagnosis of one ovarian cancer). Although trials of transvaginal sonography screening are at the margin of acceptable positive predictive value (9.9%), the use of transabdominal ultrasonography on patients with serum concentrations of CA-125 >30 units/mL, increases PPV to 21%. The diagnostic usefulness of CA-125, and perhaps of other serum markers, may be significantly enhanced by serial measurements taken over time. For example, a longitudinal analysis of serum from postmenopausal women in Stockholm using linear regression increased the PPV to 16%, substantially greater than the PPV of a single CA-125 assay (reviewed in ref. 5 ). However, these assays, or combinations of assays, are still insufficient for broad clinical acceptance and population-based screening.
The advent of large-scale gene expression analysis of tumors has generated a substantial number of potential new markers, several of which have been validated in small test populations. These include prostasin (6) , osteopontin (OPN; refs. 7, 8) , and the whey acidic protein HE4 (9) . A recent review tabulated 29 different serum markers, including many of these newly described candidates (5) . Although no single assay seems to provide the necessary PPV, many of these markers are reported to increase the specificity and sensitivity of CA-125 (5) . Moreover, the conjoint analysis of multiple protein assays, such as the combination of leptin, prolactin, OPN, and the insulin-like growth factor-2, have shown encouraging results in training/test studies, yielding a test specificity and sensitivity of 95% (10) . Thus, the discovery of additional biomarkers and methodologies for combined analyses hold promise for the diagnosis of early-stage disease.
Here, we developed an algorithm to identify secreted proteins encoded by genes represented on the f22,000-member Affymetrix HU133a array, reasoning that genes with elevated expression in cancers may reflect increased levels of the encoded proteins in patient sera. To test this hypothesis, the algorithm was applied to the expression profiles of 67 serous ovarian adenocarcinomas from 64 patients, alongside a series of nine crudely enriched normal ovarian samples. Among 275 differentially expressed genes encoding putative secreted proteins, we show that a combination of ELISA assays for four proteins [matrix metalloproteinase-7 (MMP-7), OPN, kallikrein 10 (KLK10), secretory leukoprotease inhibitor (SLPI)], in combination with CA-125, leads to very high positive and negative predictive values, with correspondingly high sensitivity and specificity.
Materials and Methods
Tissue samples. For oligonucleotide microarray analysis, freshfrozen samples of 67 tumors were obtained from 64 patients undergoing surgery for ovarian carcinoma at the University Hospital of Freiburg, Germany (n = 31); the Tumor Bank Ovarian Cancer of the University Hospital Charité, Berlin, Germany (n = 12); and the University Hospital Schleswig-Holstein, Kiel (n = 24). For several patients at the University of Freiburg, we obtained multiple samples, typically from one or more ovaries and the peritoneal cavity. Institutional review board approvals were granted before accession of the tissues. The histologic characteristics of each sample were assessed on formalin-fixed and paraffin-embedded H&E sections, and approximately similar areas of the frozen tumor samples were used for RNA and DNA extraction. Most specimens contained 80% to 90% tumor cells, whereas no specimen contained <60% tumor cells.
RNA preparation and GeneChip hybridization. Frozen tissues were homogenized with a rotary homogenizer (Omni International, Marietta, GA) in RNeasy lysis buffer (Qiagen, Valencia, CA). Total RNA was prepared from tissues and cells using the RNeasy Mini kit (Qiagen). Hybridization on oligonucleotide microarrays (U133a GeneChip, Affymetrix, Inc., Santa Clara, CA) was done as described (11, 12) . GeneChip hybridization data were processed and scaled as described (11, 12) .
Data processing and prefiltering. Microarray data was processed using MAS5.0 (Affymetrix) and scaled to a nominal value of 200 (f3-5 copies of transcript per cell; refs. 13, 14) to facilitate inter-chip comparison. The primary data have been deposited and are accessible on the Gene Express Omnibus. 8 Delineation of genes encoding putative secreted proteins. Several databases were used to identify genes encoding proteins with characteristics of secretion. First, we mapped U133a probe sets to REFSEQ protein identifiers via the NetAffix web site. 9 Next, we mapped the Swissprot database to REFSEQ using Blastp, thus resulting in a common map for Swissprot annotations and U133a probe set identifiers. The subset of mapped proteins was queried for the ''subcellular location,'' ''secreted,'' and ''extracellular'' annotations. We then downloaded the Genome Ontology database (MySQL release and Perl library modules) 10 and mapped them to the REFSEQ database. This subset of proteins were queried for the following level 3 and 4 terms: ''extracellular space,'' ''extracellular,'' ''plasma protein,'' ''cell-cell signaling,'' ''extracellular matrix,'' ''hormone activity,'' ''extracellular matrix structural constituent,'' ''cytokine activity,'' and ''receptor binding.'' Proteins with the following Genome Ontology annotations were discarded from the list: ''membrane fraction,'' ''nucleus,'' ''cytosol,'' ''cytoplasm,'' ''integral to membrane,'' ''integral to plasma membrane,'' and ''transmembrane receptor activity.'' Lastly, we queried REFSEQ proteins for the presence of signal peptides using signalP. 11 The criteria set was that at least one of the metrics for a signal peptide sequence was called by the signalnn method and called secreted by the signalhmm method. The combination of these methods led to a subset of 1,441 genes with evidence for encoding secreted proteins by one or more methods.
Differential gene expression. Differentially expressed genes were defined and ranked using a previously described method (11) , which optimizes the selection of genes with a combination of high foldchange and significant P.
Statistical analysis. Differences in serum protein levels between groups of patients was calculated using the Wilcoxon rank sum test implemented in R (version 2.1.0).
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Split point, logistic regression, and support vector machine analyses. The split-point scoring procedure was described previously by Mor et al. (10) . The method constructs a simple vote classifier, where each marker contributes a vote by comparing the observation value to a split-point value. The optimal split-point value for each individual marker is determined by maximizing the accuracy of its corresponding binary classifier (essentially a single-node decision tree). Then, the optimal cutoff value for the vote classifier is determined based on crossvalidation runs. Notice, in this method, that votes from each marker are counted equally.
Logistic regression analysis linearly combines measurements from each marker with individual assigned weights and then compares the resultant value to a split point. The implementation of logistic regression described by Smyth was done using MATLAB (Smyth GK., Statbox Toolbox for MATLAB). 13 Support vector machine (SVM) analyses in this study were carried out using the LIBSVM implementation.
14 Based on the authors' recommendation, we chose radial basis kernel, with both constrain variable C and kernel variable c optimized via an exhaustive grid searching protocol. Whenever class sizes in a training set were unequal, we used a weighting argument ''Àw,'' to rebalance the data set. To apply the LIBSVM method to three classes, we used the one-against-one approach described by Hsu et al. (15) .
ELISA. The sera of tumor patients were taken before surgery in the Department of Gynecology of the University Hospital SchleswigHolstein/Campus Kiel and in the Department of Gynecology of the University Hospital Charité Berlin. Negative control samples came from age-matched healthy women taken in the Department of Gynecology of the University Hospital of Freiburg. Blood was spun at 1,500 Â g for 5 min (room temperature), and the serum supernatant was carefully retained and directly frozen at À20jC. For quantification of the serum protein levels of OPN, MMP-7, SLPI, and KLK10, ELISAs were done using blood sera of 67 patients with stage I to IV serous ovarian carcinoma, 67 healthy women, and a small series of 15 serum samples from women with cystadenofibromas of the ovary. Measurements of OPN, MMP-7, and SLPI protein levels were carried out with the appropriate Quantikine Immunoassay kits according to the manufacturer's recommendations (R&D Systems; Wiesbaden-Nordenstadt, Germany). KLK10 protein levels were determined with the IBEX hk 10 mikrotiter ELISA (IBEX, Quebec, Canada). Before analyses, serum samples were diluted 1:10 for OPN, 1:4 for MMP-7, 1:20 for SLPI, and 1:1 for KLK10.
Serum CA-125 serum levels were determined automatically using the AxSYM CA-125 test on the Abbott AxSYM analyzer (Abbott Diagnostics, Abbott Park, IL). A value of >35 units/mL was considered elevated. All immunoassay kits were used according to the manufacturer's protocols, and each serum sample was analyzed in duplicate.
Results
RNA from a series of 67 serous ovarian carcinomas and 9 crudely enriched normal tissue samples from the surface of the ovary were hybridized to oligonucleotide arrays containing probe-sets for f22,500 human transcripts. The quality of the data set was assessed in two ways. First, agglomerative clustering of the most variably expressed genes was used to evaluate the extent to which normal and malignant tissues could be discerned (Fig. 1A) . With the exception of one normal sample (N35S) and a single grade I tumor, all of the normal tissues could be clearly delineated from malignant tissues. Among the serous carcinomas, a major distinction was based on tumor grade and malignant potential, an observation we recently reported (16) . Second, we used a previously described algorithm (t test/FOLD metric), which optimizes selection of genes with the highest fold change and most uniform differential expression, to identify genes with increased or decreased expression in carcinomas relative to normal tissue (11) . The genes identified included the whey acidic protein HE4 and the cell surface proteins GA733-1, CD24, CD9, and mesothelin, among others, which we and others have previously reported to be differentially expressed in ovarian carcinomas (reviewed in ref. 17) . In aggregate, these results show the quality of the data in terms of previously reported observations and independent validation.
To identify putative diagnostic biomarkers within the data set that could be measured by protein assays in patient serum, we developed an algorithm based on previous studies (18) to identify genes encoding proteins with evidence of secretion. This algorithm combines keywords from the Genome Ontology consortium that imply secretion (e.g., ''secreted,'' ''extracellular,'' and ''cytokine''), as well as sequence characteristics of Fig. 1 . Clustering of serous ovarian carcinomas and identification of secreted proteins. A, the 67 serous ovarian carcinomas and 8 normal tissues were subjected to hierarchical clustering as described (27) . Note the separation of normal and grade 1tissues. B, aTreeview (27) visualization of the relative expression of genes predicted to encode secreted proteins. Gene expression was normalized to a mean of 0 and a variance of 1. C > N, cancer expression > normal expression; N > C, normal expression > cancer expression.
secreted proteins, such as the presence of a signal peptide and the lack of transmembrane domains. Of the 22,383 probe sets on the array, we identified 1,441 with evidence of encoding secreted proteins. Of these, 275 were differentially expressed in serous ovarian carcinomas (see Supplementary Data). The genes were ranked by the t test/FOLD metric, and the top 20 up-regulated and down-regulated genes are listed in Tables 1  and 2 and depicted in Fig. 1B . Genes were also ranked simply based on fold change (Table 3) , as many of these display high expression in a significant but lower fraction of cancers compared with those in Tables 1 and 2 . We reasoned that measurement of several of these encoded proteins in combination may also yield a useful diagnostic panel.
We chose to focus on the measurement of four proteins encoded by genes listed in Tables 1 and 3 [SLPI (also known as antileukoprotease, ALP), OPN, MMP-7, and KLK10] for the following reasons: (a) each of the genes encoding these proteins exhibited highly restricted expression among diverse human tissues (data not shown 15 ), suggesting that secretion from tissues other than cancers may be low, thus minimizing background protein levels; (b) cancer-associated expression was also evident in multiple cell lines of ovarian and other anatomic origins (data not shown 9 ), suggesting continued selection for their expression and thus implying potential biological roles for these proteins in disease etiology; and (c) commercial ELISA assays were available to measure each protein in patient plasma, thus allowing rapid measurement of these analytes without assay development and, if relevant, enabling rapid clinical translation.
The concentration of each of these proteins, alongside CA-125, was initially measured in a series of 67 serum samples from patients with stage I to IV serous ovarian carcinoma (n = 7, 2, 49, and 9 with stage I, II, III, and IV disease, respectively) and compared with levels in a series of 67 serum samples from healthy controls. The levels of each protein in healthy and cancer patients were significantly different in each case ( Fig. 2; Table 4 ). We then assessed the diagnostic performance of each individual marker using three classification methods: logistic regression, split-point analysis, and SVM, each computed with 1,000 runs of 10-fold cross-validation (Table 5 ). For single marker classifiers, all three methods yielded similar results. Because the logistic regression method is optimized against the log-odds of whether the dependent variable occurs or not (i.e., normal versus cancer in this case), and because the split-point method (see Materials and Methods) is directly optimized against the accuracy function, the latter tended to give the best single marker performance. However, when we combined all of the markers into a single classifier, the split-point method yielded the lowest accuracy (92.8%), which was lower than that obtained with OPN alone. The most likely explanation for this is that the method counts votes from each marker equally, despite the fact that the diagnostic power of each marker varies widely. In contrast, the logistic regression method assigns appropriate linear weights to individual markers and thus achieved a higher accuracy (98.0%). Finally, the radial kernel -based SVM classifier is a nonlinear method, which typically works better for multiple markers. For this reason, we chose to use SVM as the method of choice for further analyses. Results from logistic regression analysis and split-point analysis are presented as supplementary materials (Supplementary Tables S1 and S2) .
To quantitatively assess the diagnostic usefulness of multiple markers, we used SVM analysis on all 31 possible combinations of the five markers. Figure 3 shows the 10-fold cross-validation accuracies for the set of SVM results that can be obtained by starting from any individual marker and sequentially recruiting additional markers to achieve the next best-performing SVM. For all of the markers except SLPI, this heuristic feature selection routine quickly converged to the maximum performance of 99.3% with only three markers (i.e., OPN, CA-125, and MMP 7/KLK-10). With SLPI included, the SVM accuracy dropped to 98.5% and leveled off after three markers. Notably, OPN increased the CA-125 -based SVM accuracy from 87.8 F 3.3% to a near optimal accuracy of 97.6 F 1.5%, with a P of 1Â10 -68 based on the t test. Correspondingly, the PPV was also increased significantly from 94.3 F 2.3% to 99.3 F 0.9% (P = 1Â10 -48 ). Because the SVM method is trained against optimal accuracy rather than PPV, specificity values tend not to be optimized in these classifiers. To check if the combination of multiple markers could potentially lead to higher-specificity SVM classifiers (>99.6%), we increased the cost of misclassifying controls as cancer samples (i.e., false positives) to be 250 times greater using the weighting option in LIBSVM (see Materials and Methods). We observed that with three markers, an SVM classifier based on OPN, CA-125, and MMP-7 reached a sensitivity of 98.7% and specificity of 99.7%. An SVM classifier based on OPN, CA-125, and KLK10 reached a sensitivity of 96.0% and specificity of 99.8%. With all five markers, a sensitivity of 95.7% and a specificity of 100% could be obtained. Although more samples would be required to minimize the statistical uncertainties in these estimations, the current results show that with multiple markers, it is possible to develop a clinically viable diagnosis tool with further improvements.
Receiver operator characteristic (ROC) analysis was carried out to compare the performance of classifiers over a range of internal settings (Fig. 4) . When a single marker was used in the classification model, both split-point and logistic regression methods make use of a single internal threshold value. We therefore obtained the ROC curve by taking every observation value in the sample set as a possible internal threshold. Thus, both methods shared the same set of ROC curves. ROC curves were only generated for logistic regression analysis when multiple markers were involved to preserve the clarity of the curves illustrated in Fig. 4 . Sensitivity-specificity pairs were collected within each cross-validation run by varying the internal threshold. Results from all of the 1,000 runs were then averaged to yield the ROC curve. It is clear from the ROC curves that for a wide range of classifier configurations, performance of individual markers decreases in the order of OPN, CA-125, MMP 7, KLK10, and SLPI, using either split-point or logistic regression. Multiple markers perform significantly better than single markers, with little difference between four and five marker combinations. This observation is also consistent with the SVM results in Table 5 .
The collection of patient serum used here included nine from patients with early-stage disease (seven stage I and two stage II samples, respectively). We did SVM analysis to ask whether (a) early-stage serum levels could be distinguished from the levels in healthy controls; (b) early-stage serum protein levels could Research.
on May 1, 2017. © 2007 American Association for Cancer clincancerres.aacrjournals.org Downloaded from be distinguished from benign, and (c) early-stage and late-stage protein serum levels could be distinguished from one another? SVM correctly classified all of the early-stage cancers from normal samples but was less accurate in the early-stage benign distinction, correctly classifying 61% and 80% of early-stage and benign cases (3-fold cross-validation), respectively. SVM could not distinguish any of the early-stage serum protein levels from those of late-stage disease.
To further assess the potential of these marker combinations for the diagnosis of ovarian carcinomas, we measured the concentrations of each protein in a small series of serum from patients diagnosed with benign cystadenofibromas (n = 15) and evaluated whether these could be distinguished from protein levels in sera from normal and malignant patients (Fig. 5) . Although three of five of the biomarker serum levels were significantly different between normal and benign samples (Table 3 ; Fig. 4) , only OPN and CA-125 had any apparent power to differentiate serum from patients with cystadenofibromas from those with carcinomas (Table 3 ; Fig. 4 ). We used a three-class SVM based on a ''one-againstone'' approach, where binary SVM classifiers are separately built and require two-third votes for class assignment. This resulted in non-weighted and weighted accuracies of 90.6% and 75.5% (5-fold cross-validation), respectively. However, examination of the cases contributing to the overall accuracy revealed that cancer and normal samples account for the majority of correct votes. In contrast, a significant number of benign cases were misclassified (data not shown).
Discussion
Ovarian carcinomas are typically diagnosed at International Federation of Gynecology and Obstetrics stage III/IV, a point at which tumors are localized beyond the pelvic region into the peritoneal surface and retroperitoneal lymph nodes. The lack of cancer-specific symptoms is a major reason for delayed diagnosis and, coupled with the poor outcome associated with late-stage disease, has fuelled significant efforts to identify diagnostic biomarkers for early disease detection. These efforts have centered on the discovery and validation of increased gene or protein expression in malignant tumors relative to normal tissues as well as proteomic profiling of low molecular weight fragments, typically by surfaceenhanced laser desorption/ionization-time of flight. The former approach has yielded a large number of candidate proteins (reviewed in ref. 5) , with widely variable diagnostic efficacy.
Here, we undertook a combined clinical-genomics approach toward the identification of new diagnostics, focusing on differentially expressed genes encoding putative secreted proteins. Validation of our approach comes from the identification of several proteins that exhibit increased levels in ovarian cancer sera [e.g., HE4 (9), prostatin (6), OPN (7, 8) , several members of the kallikrein protein family (19) , and insulin-like growth factor-2 (10)]. In this study, we focused on four genes encoding secreted proteins (MMP-7, SLPI, OPN, and KLK10), with the aim of assessing their potential usefulness as a multianalyte diagnostic test.
Analysis of the serum data with several classification methods pointed to SVM as the most accurate for combinations of markers. SVM was sufficient to achieve >99% diagnostic accuracy with as few as three markers (CA-125, OPN, and MMP-7/KLK10) and increased the diagnostic accuracy of CA-125 (91%) by 7.5% with the addition of OPN (98.5%). Further modifications, using a penalty for false-positive classifications, yielded sensitivity and specificity values of 95.7% and 100%, respectively, with all five markers combined.
Although the numbers of patients with early-stage disease used in this preliminary study were low (seven stage I and two stage II), it is nonetheless noteworthy that our classifiers could readily distinguish these from control serum protein levels. However, the distinction between these early-stage cases and those with benign cystadenofibromas (n = 15) was not particularly good. However, detection of these lesions by the diagnostic combination described here may be advantageous because patients with this condition will normally undergo surgery for differential histologic diagnosis or to remove bulky benign disease.
Several studies have previously shown potential usefulness for OPN as diagnostic marker in ovarian cancer. In their original report, Mok et al. showed a specificity of 80.4% and early-stage (stage I/II) and late-stage (stage III/IV) sensitivities of 80.4%and 85.7%, respectively, noting significantly higher levels of serum OPN in ovarian carcinomas compared with other gynecologic malignancies and benign pelvic disease (7). Subsequently, Schorge et al. showed that OPN, while diagnostically inferior to CA-125 in predicting response to therapy, increased earlier in 90% of patients developing recurrent disease (20) . In a study of 296 ovarian cancers, of which 65 were found to have weak or absent CA-125 immunoreactivity, OPN was immunoreactive in 60 of 65 cases, second to human KLK6 and KLK10 (98% and 100% positive, respectively; ref. 21 ). Thus, OPN seems to provide additional diagnostic information to CA-125. In the current study, OPN showed the highest sensitivity and specificity with 10-fold cross-validation (88% and 100%, respectively) and was notably different in benign and malignant cases, along with CA-125.
We found that SLPI done poorly in terms of differentiating serum protein levels in normal, benign, and malignant cases. This contrasts with a recent report in which the levels of protein in malignancy (mean = 63 and 67 ng/mL for stage I/II and III/IV disease, respectively) were almost twice those in benign (39 ng/mL) and normal patients (33 ng/mL; ref. 22 ). In the current study, the equivalent numbers were 45, 39, and 36 ng/mL. KLK10 has been proposed as a potential marker for ovarian cancer, although the diagnostic sensitivity at 90% specificity is 54% (23) . However, the combination of KLK10 with CA-125 increases the specificity by 21% at the same sensitivity. The same report also showed that KLK10 was elevated in 35% of CA-125 -negative cases at 90% specificity. KLK10 was independently reported as elevated in 100% of 65 CA-125 -negative cases (21) ; however, the latter measured KLK10 by immunohistochemistry, whereas the former was measured by ELISA at a defined specificity. Nonetheless, like OPN, these data point toward a complementary role for KLK10 in ovarian cancer diagnosis. To our knowledge, MMP-7 has not been reported as elevated in the serum of ovarian cancer patients, although overexpression in ovarian carcinoma is well documented (24) , and it has been shown to mechanistically influence ovarian cancer cell invasion (25) . Our data suggest that MMP-7 is a useful adjunct to CA-125, with independent specificity and sensitivity of 79% and 82%, respectively (10-fold crossvalidation). The combination of MMP-7, OPN, and CA-125 was shown to be sufficient for a decision tree model, leading to 96.3% diagnostic accuracy in the current study (10-fold crossvalidation).
The algorithm used to identify secreted proteins yielded a significant number of candidate proteins for which assays are not yet available but may nonetheless prove diagnostically useful. In combination with other markers that have been recently described (e.g., HE4, insulin-like growth factor-2, prolactin, prostasin, and leptin; see ref. 5 for a recent review), a concerted effort to develop new assays, most likely based upon solid surface supports methodologies (e.g., protein or antibody arrays; ref. 26) , is warranted. Large retrospective studies should be capable of identifying the subset of markers with the highest diagnostic accuracy and discrimination of benign and early-stage disease (stage I/II), which can then be validated in equally large multicenter prospective studies. With improving technologies, a multi-analyte test that incorporates 10 to 15 biomarkers should become financially viable and would have a profound effect on the current ovarian carcinoma mortality rates in the United States and elsewhere.
